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Abstract
To investigate neuronal circuits one needs to be able to manipulate the
function of individual neurons. A prerequisite for this is to have genetic
access to the neurons. This access should ideally target as few neurons as
possible and be robust and reliable. For this purpose, we created a fly library
of enhancer fragments. For each fly line, a piece of ∼3kb of DNA was put
in front of a minimal promoter and the transcriptional activator GAL4. We
excluded any stretches of DNA that are unlikely to contain enhancers and
chose the fragments to be close to neuronally expressed genes. Furthermore,
we injected all enhancer fragments into a defined genomic location using site-
specific recombination, ensuring the same genetic environment for all lines.
Since the small enhancer pieces were taken out of their natural context, we
found expression patterns to be much sparser than what was observed with
traditional enhancer trap lines. Only 20% were too broadly expressed to
work with and only 15% showed no expression in the brain. The rest of the
lines should provide a useful tool for the analysis of neuronal circuits. As a
proof of principle, I then used this GAL4 enhancer library in order to identify
neurons that are involved in the production of male courtship. I crossed the
lines of the enhancer library to the neuronal silencers UAS-Kir2.1 and UAS-
TNT in order to inactivate specific neurons and recorded courtship videos
of the male progeny paired with virgin females. Screening of 4500 lines and
manual scoring of the videos resulted in 220 lines showing a phenotype in
courtship. In summary, this collection of enhancer lines should be of great
help to elucidate the neuronal circuits underlying Drosophila behaviours and
should also pave the way for a more pronounced understanding of brain func-
tion in general. The established silencing screen will prove to be valuable in
future by providing entry points for circuit dissection of Drosophila courtship
behaviour.
Abstract
Um neuronale Schaltkreise untersuchen zu ko¨nnen, sollte man in der Lage
sein, die Funktion einzelner Neuronen zu manipulieren. Eine Voraussetzung
dafu¨r ist es, genetischen Zugang zu den Neuronen zu erhalten. Im Idealfall
sollte dieser Zugang auf so wenige Neuronen wie mo¨glich beschra¨nkt sein, als
auch robust und zuverla¨ssig sein. Zu diesem Zweck schufen wir eine Fliegen-
bibliothek aus Enhancer-Fragmenten fu¨r Drosophila melanogaster. Jede Linie
der Bibliothek hat ein Stu¨ck von etwa 3 kb DNA vor einemMinimal-Promoter
und dem Transkriptionsaktivator GAL4 integriert. Wir wa¨hlten diese Stu¨cke
so, dass sie nahe an neuronal exprimierten Genen liegen und exkludierten
Regionen die ho¨chstwahrscheinlich keine Enhancer enthalten. Daru¨ber hin-
aus brachten wir alle Enhancer-Fragmente durch ortsspezifische Rekombi-
nation in den gleichen genomischen Background um vergleichbare Ergeb-
nisse fu¨r alle Linien zu erhalten. Da die kleinen Enhancer Stu¨cke aus ihrem
natu¨rlichen genetischen Zusammenhang herausgerissen wurden, fanden wir
viel spa¨rlichere Expressionsmuster als mit traditionellen Enhancer-Trap Lin-
ien der Fall war. Nur 20% waren zu breit exprimiert and nur 15% zeigten
u¨berhaupt keine Expression im Gehirn. Der Rest der Linien sollte ein nu¨tz-
liches Tool zur Analyse von neuronalen Schaltkreisen bereitstellen. Als Bei-
spiel einer Anwendung der Enhancer-Bibliothek versuchte ich dann, mithilfe
dieser, Nervenzellen zu finden, die fu¨r das Balzverhalten der Fliegen verant-
wortlich sind. Hierzu kreuzte ich die Linien mit den neuronalen Inhibitoren
UAS-Kir2.1 und UAS-TNT, um Nervenzellen spezifisch zu auszuschalten.
Dann nahm ich die Ma¨nnchen aus der Nachkommenschaft und paarte sie
gemeinsam mit Jungfrauen in einer Balzkammer. Auf diese Weise screente ich
4500 Linien und nach manueller Auswertung der Videos erhielt ich eine Liste
von 220 Phenotypen. Zusammenfassend gesagt, es besteht große Hoffnung,
dass diese Enhancer-Fliegenbibliothek die weitere Arbeit an den neuronalen
Schaltkreisen der Fruchtfliege beflu¨geln und zu einem besseren Versta¨ndnis
des Gehirns im Allgemeinen beitra¨gen wird. Der etablierte Silencing-Screen
wird sich als wertvoll fr die Zukunft erweisen, da er Angriffspunkte fu¨r die
Untersuchung neuronaler Schaltkreise bietet.
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1Introduction
1.1 Dissection of neuronal circuits in Drosophila
The brain is among the most complex structures in the world. It is thus a
long-standing goal of mankind to find out how it may operate. Since the
early beginnings of brain research we have come to know a great deal about
how neurons convey information on a basic, physiological level. We also know
what the main centers in the human brain may be good for and also, to some
degree, how they might interact with each other. What remains largely
unknown is the connecting part between the single neuron and the bigger
structure. How do neurons interact with each other to process information
and how does each neuron contribute to a circuit that forms a behavior?
In order to be able to establish basic principles of how neuronal circuits
work, the choice of the model organism is of great importance. The ad-
vantage of Drosophila melanogaster over other model organisms is its ease
of use and the availability of a powerful genetic toolkit. Also, its nervous
system is with ∼ 100000 neurons complex enough to produce elaborate be-
haviours and at the same time simple enough to give us hope to understand
its underlying circuits entirely. Fly neurons are stereotyped and can be theo-
retically located in every individual. Some examples for complex Drosophila
behaviours include object discrimination, flight, spatial memory, integration
of odour detection as well as the elaborate courtship ritual which will be
described in the next section.
Neurons form networks that provide substrates for behaviours, making
it impossible to know the function of a neuron without knowing its place in
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the network. That means, successful dissection of neuronal circuits has to
merge the concepts of function and anatomy. It follows that there are two
basic ways to dissect a neuronal circuit: One is to start with the anatomy, to
lay out the morphology and the connectivity of the neurons, in order to later
functionally probe these neurons. The other is to start with the function,
to identify the key neurons first, in order to later establish the anatomy and
connections to other neurons.
A plethora of tools has been developed in the last decade to serve the
needs for both functional and anatomical dissection of the Drosophila brain.
Bipartite systems like the GAL4/UAS system have become a very powerful
tool for directed gene expression [1]. Its power of expression induction and
its combination with different available UAS-responders makes the GAL4
system especially versatile. Big collections of Gal4 lines have been established
using random P element integration, enabling large-scale functional screens
targeted to find neuronal correlates of behaviour [2].
A given GAL4 line rarely expresses only in one class of neuronal types.
This often makes it necessary to restrict its expression to a smaller set of
neurons. One way to go about this is to target the GaL80 repressor to
neurons overlapping the GAL4 line [3, 4]. Another protein, the FLP recom-
binase is able to excise ”transcriptional stop” sequences placed in front of a
gene. Expression of the gene therefore takes place only in those cells that
overlap with FLP expression [5]. At third option is to harness GAL4’s het-
erodimeric nature. GAL4 consists of two functional domains, one for DNA
binding and one for transcriptional activation, enabling it to drive expression
of the two domains separately. Only in the intersection, where both domains
are actively expressed, heterodimerization reconstitutes a functional GAL4
protein that then drives expression of a UAS-responder. This principle was
successfully utilized to restrict gene expression to a smaller subset of neurons
[6, 4].
LexA is an alternative to GAL4 that, in combination with a transacti-
vation domain, induces expression of genes preceded by a lexA-operator [7].
It does this without interfering with the GAL4 system which enables one to
use both techniques simultaneously to manipulate two independent sets of
neurons [4]. A tool that functions similarly was recently described, termed
the Q system [8].
For anatomical characterization of the brain a variety of tools is now
available. Single cell labeling can be achieved using MARCM or FLP-out
techniques [3, 9, 10]. Expression data can be registered onto a standard
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brain [11] to allow brain to brain comparison, a prerequisite for generating
extensive wiring diagrams [12, 13, 10]. To visualize the morphology of neu-
rons on a bigger scale, Drosophila brainbow that builds on the stochastic
choice of colours may prove itself useful [14, 15]. To identify synaptic part-
ners of a neuron, one can use photoactivatable green fluorescent proteins
(pa-GFP [16]), relying on trans-synaptic diffusion upon photostimulation
[17]. Alternatively, the GRASP system can be employed [18], in which two
complementary domains of GFP protein are expressed from two different
drivers. Reconstitution of GFP should indicate potential synaptic connec-
tions. The fly version of GRASP is unfortunately not specific for synapses,
detecting any contact between cellular membranes [9]. Final proof of an
existing synaptic connection between two neurons however only comes by
coupled electrophysiological recordings or by electron microscopy.
Near complete anatomical maps are currently available of the primary
olfactory system [19] and the primary visual system [20], while other regions
have been characterized in less detail (e.g. [21, 22, 12]). Efforts are also
under way to use electron microscopy in combination with standard staining
techniques to get a more accurate and complete map of the brain.
Tools for functional analysis include neuronal silencers, that function
by blocking vesicle fusion (tetanus toxin [23, 24]), by blocking endocyto-
sis (shiberets, [25]) or by hyperpolarizing the neuron (Kir2.1 [26, 27], EKO
[28]). Alternatively, it is also possible to completely kill the neurons using
inducers of apoptosis like reaper or hid [29]. Neurons can be artificially acti-
vated using constitutively active channels (NaChBac [30], eag [31] or shaker
[32]), but activity can also be induced by laser light (ChR2 [33], P2X2 [34])
or by high temperature (TrpA1 [35]). Screens using silencing ([36, 37]) or
activation [38] have so far only been conducted on a relatively small scale.
There are currently two basic approaches to monitor neuronal activity:
electrophysiological recordings and functional imaging. Electrophysiology
has a high resolution and sensitivity and can be combined with genetic la-
belling to help targeting the correct neurons. However, the small size of the
brain makes electrophysiology in Drosophila extremely difficult, especially in
the behaving fly. Functional imaging using genetically encoded calcium sen-
sors like G-CaMP circumvents this problem. However, sensors like G-CaMP
have other downsides such as lower sensitivity and lower resolution due to
slow kinetics and a small dynamic range. Examples for the employment of
calcium imaging include the studies of odour representations in the brain
[39], of plasticity in the antennal lobes [40], of optomotor behaviour [41] and
4
of taste motor neurons [9].
Although this multitude of tools is available, neuronal circuit dissection
in Drosophila is still in its infancy. One reason for that may be that most
of the tools have been developed just recently. Another reason may be that
so far there are too few existing entry points for circuit analysis. Wiring
diagrams are incomplete or nonexistent and examples correlating activity of
single identified neurons with behaviour are scarce. What further complicates
things is the tiny size of the Drosophila brain, making it difficult to get
electrophysiological access, especially in the living animal. However, there is
hope that the community will soon resolve these issues, putting dissection of
some of the circuits well within reach for the coming years.
1.2 Drosophila Courtship
Courtship in Drosophila melanogaster is a very robust behaviour [42, 43]. It
has a defined sequence of steps which appear to be hardwired into the brain
of the male fly. This sequence is directed toward one goal: making the female
receptive enough to allow for copulation.
1.2.1 The Courtship Ritual
Orienting: It is important for the male to a) recognize the other sex and
to b) among the females recognize those that are sexually mature, but still
virgins. While recognizing females seems to be hardwired into the brain,
the latter is a matter of learning through trial-and-error. Upon encountering
an acceptable female the male starts to direct his body towards her. If the
female moves during this phase the male will try to reorient towards her.
Following: A virgin female is very agile and the male will make an attempt
to follow her. Also, if the male has enough space it will occasionally circle
around the female while facing her.
Tapping: During following, the male will make attempts to tap the fe-
male’s rear with his forelegs. This should supposedly contribute to the fe-
male’s arousal, but may also bring the male in contact with female pheromones
important to trigger the following steps.
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Singing: Running after the female, the male will start to extend one of his
wings to the side and frantically vibrate it. Flapping the wing contorts the
air seriously enough to produce a courtship song, not audible for the human
ear, but audible indeed for the female. The song is thought to be decisive for
courtship success. The male will only extend the wing that is closer to the
female.
Licking: The male will extend its proboscis and make attempts to lick the
female’s genetalia to get her turned on.
Copulation Attempts: The male will start to curl its abdomen and will
eventually make attempts to mount the female from behind by holding her
with his forelegs. The success of these attempts critically depends on the
female, as an unreceptive one won’t miss an opportunity to throw the male
off. If this whole procedure fails and the female does not let him mount
her, the male will stay inactive for a few seconds before he starts another
courtship round. Typically, a male goes through several of such series before
the female accepts his copulation attempts.
Copulation: The sufficiently receptive female will eventually permit mount-
ing and will open her vaginal plates to let the male enter with his genetalia.
The male will stay on top of the female for roughly 20 min, ejaculating sem-
inal fluid. The whole display of courtship up to copulation can take from a
few seconds to a few hours, depending on the female’s receptivity.
1.2.2 Sensory Cues
Multiple sensory inputs may have significance for both initiation and main-
tenance of courtship.
Pheromones
Pheromones work both ways: The female sends signals to the male to trigger
courtship and the male sends signals to the female to stimulate her to accept.
Drosophila pheromones are mostly cuticular hydrocarbons [44] which are
not very volatile and act at short distance. Thus, they can only be perceived
by contact rather than by olfaction. The pattern of cuticular hydrocarbons
a fly produces is very characteristic for a given strain, sex and age.
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Figure 1.1: The courtship ritual
The best studied pheromene is cis-vaccenyl acetate (cVA). It is a male
pheromone that is transferred to the female during copulation. In males
it acts as an antiaphrodisiac, that means, it suppresses courtship. Virgin
females do not possess cVA, therefore only mated females induce courtship
suppression in the male [45, 46]. It was suggested that cVA also acts in
females with the opposite effect of promoting mating behaviour [46].
Another important pheromone is 7,11-heptacosadiene, which induces high
levels of courtship and appears to be the main aphrodisiac pheromone of the
female. It is specific to females of a species and is the most abundant of the
cuticular hydrocarbons [47].
A sex-unspecific pheromone called 9-pentacosadiene was shown to stim-
ulate males to court target flies [48].
7-tricosene is produced by the male and is thought to inhibit courtship
[47]. Therefore, when a male is courting a female, 7-tricosene is somehow
transferred from male to female cuticle, subsequently making males less eager
to court [49, 50].
5-tricosene is only present in males and increases the latency of courtship
initiation. This substance is relatively volatile and may be detected by smell
rather than gustation [51].
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Courtship Song
The male produces the love song by extending and vibrating one of his wings
resulting in a bizarre concatenation of noise that seems good enough to render
the female receptive [52]. The song is highly species-specific and is thought
to be vital for reproductive success. It consists of two basic parts: sine song
and pulse song [53].
The sine song is composed of constant oscillations with a frequency of
130-185 Hz which produces a humming sound. It is meant to be a means to
prepare the female for the pulse song that follows.
The pulse song is made up of a train of 2-50 pulses. Each pulse contains
1-3 sound cycles with a frequency of 150-300Hz and the pulses are separated
by inter-pulse-intervals (IPIs). It’s important to note that the pulse song
appears to be crucial for mating success and that the IPI is highly species-
specific, thus probably serving as a means for species-recognition within the
Drosophila family [52]. While indirect flight muscles are responsible for pow-
ering the song, direct flight muscles are involved in controlling wing extension
and the timing of song pulses. These muscles are thought to be under the
control of a central pattern generator (CPG) in the ventral nerve cord that
gives the song its characteristic regularity.
The female perceives the song by virtue of a mechanosensory apparatus
named Johnston’s organ that resides in segment a2 of the antenna. The
perception of species-specific courtship song is thought to increase the recep-
tivity of the female.
Vision
Finding the female may be aided by common (food sources, temperature)
or by olfactory cues, but also by vision. Especially during orienting and
following object tracking of the female seems vital. Blind flies or flies in
darkness are able to mate in the dark, given that the male and the female
are kept in close vicinity to each other, implying that vision itself is not
required for mating success. However, without visual input, flies show a
behaviour very different compared to flies under normal light: The male
searches for the female by scanning in a zigzac pattern [54]. The first two
steps of normal courtship, orientation and following, are omitted in the dark
and the male starts the courtship ritual once he randomly bumps into the
female. Although vision itself is not necessarily required it makes courtship
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attempts apparently more successful.
1.2.3 Courtship Mutants
Since courtship is a complex behaviour, any general defect caused by a mu-
tant will also lead to a defect in courtship. Of those mutants that have a
more particular phenotype almost all are pleiotropic, that means that they
have other phenotypes in addition to improper courtship. I will present some
of the more interesting mutants in the following:
The fruitless (fru) gene was originally found based on its mutant pheno-
type displayed during courtship. Males defective for fruitless cannot distin-
guish between male and female anymore. When fru mutant males are housed
together they form chains with each other while showing the characteristics
of courtship behaviour [42]. The gene region is very complex and consists of 4
promoters of which only the transcript of the P1 promoter is sex-specifically
spliced; transcripts from the P1 promoter are only translated in males into
fruM protein, but are not translated at all in females [55, 56]. FruM starts
to get expressed during pupal stage of development and is suggested to be
spliced by transformer as part of the sex determination pathway [57]. FruM
is assumed to act as a transcription factor that directs the sex-specific de-
velopment of the nervous system. It was shown that the fruM protein alone
is sufficient to induce artificial execution of courtship in females [58]. Al-
ternative splicing takes also place at the 3’ end of fruitless, giving rise to 4
different protein isoforms: fruA, fruB, fruC and fruD.
The Cacophony mutant produces polycyclic pulses during courtship song,
that means, each pulse produces more than the typical two to three cycles
[53].
Dissonance is a mutant where the cycles and the amplitude increase as
courtship song progresses [59].
Other examples of mutants with reduced courtship include dissatisfac-
tion (dsf), courtless (crl) or slowpoke (slo). Mutants with general visual de-
fects also show reduced courtship (e.g. nightblind A, no on-or-off transient,
optomotor-blind or no receptor potential A) [42]. More extensive information
on courtship mutants is presented in previous reviews [60, 61].
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1.2.4 The Neuronal Basis of Drosophila Courtship
Males that have been isolated right after eclosion are able to go through the
whole sequence of courtship. It follows that courtship behaviour is hardwired
into the brain as an innate behaviour that does not require prior training.
Courtship can thus serve us as a model for establishing the principles of how
neuronal circuits operate. So far, very little is known about the neurons
that contribute to the different aspects of courtship. In the following, I will
present some of the most important findings:
Fruitless neurons
Since the fruM protein was shown to be sufficient to induce courtship in
females [58], it was proposed that neurons expressing fruM are the sole or at
least the central component for generating courtship behaviour.
The protein fruM was shown to be expressed in about 2000 neurons of the
male central nervous system [55]. These neurons have become approachable
by targeted replacement of the S exon with GAL4, lexA or FLP transgenes
[62, 63, 64, 12] and the majority of them have been mapped in cellular resolu-
tion [12, 13]. FruM expresses in sensory neurons, in motor neurons and in the
central brain, suggesting that these neurons are part of a circuit that forms
courtship behaviour [63]. However, since the command line is not complete
and not all the fruM positive neurons form connections with each other this
circuit may depend on additional fruM -negative neurons.
It has been shown that silencing of all fruM neurons diminishes male
courtship to a small degree [65]. There was also a report that attributes a
role in courtship to neurons in the midline of the brain [66]. However, since
this report used fruM -RNAi instead of silencing it is not clear if these neurons
are directly involved.
Sensory inputs The pheromone cVA is sensed by the olfactory receptor
subunit Or67d [46]. In males, the olfactory sensory neurons expressing Or67d
also express fruM and project to a glomerulus of the antennal lobe called
DA1 [67]. From there, the signal is conveyed by DA1 projection neurons
[17] to neurons (LC1, DC1) of the lateral horn, a higher brain center [68]. A
connecting neuron projecting from the lateral horn down to the ventral nerve
cord has also been identified [68]. Or67d sensory neurons, DA1 projection
neurons and DC1 lateral horn neurons were shown to be selectively tuned to
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cVA [69, 70, 68] and the whole circuit appears to be sexually dimorphic.
Another type of fruM positive olfactory sensory neurons expresses the
receptor Or47b and projects to the sexually dimorphic VA1v glomerulus [71].
The ligand of Or47b has not been identified so far, but it is known that Or47b
recognizes odours from both sexes [69]. Genetic perturbation of these neurons
was shown to slightly affect the time it takes the male to initiate courtship
[72].
Gustatory receptors implicated in courtship include Gr68a whose inacti-
vation decreases courtship [73] and Gr32a whose inactivation increases male-
to-male courtship [74]. It follows that activation of Gr68a has an aphrodisiac
effect, while Gr32a recognizes an inhibitory pheromone. Both receptors are
specifically expressed on the sensilla of the male’s forelegs. Gr32a expressing
neurons were shown to project to the suboesophageal ganglion, potentially
forming connections with mAL neurons that express fruM and are sexually
dimorphic [75].
Production of courtship song: In an attempt to identify the pattern
generator that produces courtship song, Clyne and Miesenbck used a light-
activatable, ATP-sensitive ion channel (P2X2) to activate fru-GAL4 neurons
[76]. They could show that the ∼ 200 fruitless neurons in the ventral nerve
cord are sufficient to induce unilateral singing in both male and female (the
female’s song being a bit anomalous). This approach worked only if they
removed the head of the flies, either because it allows better light penetration
or it gets rid of descending inhibition from the brain.
Recently, stochastic activation of neurons with dTRPA1 was used to
identify five different classes of neurons to be important in song produc-
tion [38, 77]. The previously identified P1 neuron [78] and the pIP10 neuron
were proposed to initiate singing [38, 77], while neurons in the ventral nerve
cord (dPR1, vPR6 and vMS11) were discovered to be important for timing
and shaping of the pulse song [38]. In addition, upon tarsal touching of
the female, neuronal activity was detected in P1 neurons of tethered males,
which further substantiates the importance of the P1 neurons in triggering
song production [77].
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2A library of enhancers
While genes and their mutations were the driving force of biology over the
last decades, they will not get us very far when we start trying to decipher
the nervous system. Here, cellular identity suddenly becomes more important
than single genes, making it necessary to be able to directly manipulate single
cells with different cellular identities, to be able to anatomically resolve these
cells and to be able to revisit the same cell again and again.
It is therefore pertinent to have genetic access to specific neurons in order
to attain precise and controlled expression in the nervous system. This ge-
netic access should be as restricted as possible in order to distinguish the one
neuron, that gives an effect upon manipulation, from all the other neurons
that do not give the effect. In an ideal world, we would like to have access to
only one neuron (or one neuronal class) at a time. Such limited access would
then allow us to apply a variety of genetic as well as physiological tools for
the dissection of neuronal circuits.
Drosophila is a model organism that is very suited for studies of the
nervous system. Cells can be targeted using the GAL4 system and a large
collection of molecular tools to probe the function of neurons is available.
The power of the GAL4 system has been exploited for many years now in
order to drive expression in distinct population of cells, bringing about the
establishment of large collections of GAL4 lines [1, 79, 80, 81]. The stan-
dard way of establishing GAL4 lines is to randomly introduce GAL4 into
the genome using P element transformation (enhancer trapping). The lines
obtained in that way are driving expression depending on the genetic envi-
ronment the P-element lands in. Thus, it is often the case that the enhancer
trap lines drive expression in a broad set of cells, which makes them not very
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suitable for targeted analysis of neurons [82].
To tackle the broadness of expression we can draw on the following notion:
Each neuron in the nervous system can be seen as a unique cell with its own
molecular or anatomical identity. It has been suggested that we can use this
identity to our advantage when we want to obtain access to individual neu-
rons [82]. Since every neuron should have its own profile of active enhancers
we should in theory be able to genetically target any given neuron by em-
ploying its unique set of enhancers that acts to specify the neuron’s identity
throughout development. However, since we don’t know the enhancer profile
of each neuron, we are doomed to take random guesses.
The approach of designing GAL4 lines by taking small fragments of en-
hancers and putting them in front of a GAL4 has already been used in the
past (enhancer bashing, e.g. [83, 84]) and was lately also demonstrated to
be highly suitable for targeting neurons [82]. Pfeiffer et al. could show that,
with their approach of cloning small pieces of enhancers, they were able to
get access to much sparser sets of cells than what was observed with tra-
ditional enhancer trap lines. This may be mostly due to the fact that the
small fragments are taken out of their endogenous regulatory environment,
forcing enhancer elements to act on their own. Another advantage of this
approach is that the genomic fragments are molecularly defined and can be
easily transferred to other expression systems.
The aim of this doctoral work was to generate a library of enhancers for
neuronal circuit dissection based on the observations of Pfeiffer et al. For this,
we inserted overlapping 3 kb DNA sequences from potential enhancer regions
in front of a GAL4 gene and injected these constructs into a genomic landing
site using site-specific recombination (Fig. 2.1). So far, we have generated
a library of more than 6500 lines. We have assayed the expression of 3000
lines in the adult brain and observe that expression varies widely, without
over-representation of any particular cell types in the nervous system. We
also observe that only 15% show no expression in the adult brain, while 20%
of the lines we consider as too broad. The rest of the lines should prove to
be useful by providing restricted genetic access to specific neurons.
In summary, this library of enhancers is prone to become a useful tool
for gaining access to neurons in a precise and controlled manner. It should
accelerate the identification of neurons for specific behaviours and give way
to follow-up experiments that reveal the circuits’ function.
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Figure 2.1: Enhancer library - Overview of the workflow. We amplified tiles
of∼ 2 kb in length and cloned them into a TOPO vector. We then transferred
the fragment to a GAL4 vector using the gateway system and injected the
constructs into attP2 landing site flies using site-specific integration [82].
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2.1 Design and generation of the enhancer li-
brary
The design of the enhancer tiles is work done by Alex Stark and Barry
Dickson (see appendix).
In order to get as restricted patterns as possible, the main consideration
was to tile the genome in such a way so that individual enhancer elements
are segregated on separate tiles with high probability. A small tile size would
guarantee enhancer separation but would increase the number of tiles and
thus increase the cost and effort. As a compromise between specificity and
efficiency and because it is not easily possible to predict boundaries of en-
hancer elements, tiles were chosen to be of 2-3 kb in length, with 400 bp
overlap between adjacent tiles (see appendix).
Since tiling of the whole genome resulted in over 60000 potential tiles,
different lists of tiles were assembled according to their relevance (see table 2.1
and appendix).
Table 2.1: Enhancer library: lists
List Description Number
A hand-selected genes 628
B fru-positive GAL4 insertions 2094
C fruABC binding sites 542
D GO-terms, conservation 1960
E fru-positive GAL4 insertions 210
F hand-selected genes 1796
G GO-terms, conservation 2002
H fruC binding sites 491
I transcription factors 2496
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Figure 2.2: Vectors used for cloning the enhancer library (adapted from
www.invitrogen.com and www.addgene.com [82] respectively)
2.1.1 Cloning
We named the enhancer collection Vienna tiles (”VT”) and I will refer to
them as ”VT lines” from now on. We gave each tile a name starting from
the outmost end of the X chromosome with VT0001, VT0002, etc., then
continued the numbering on the 2nd and 3rd chromosome. The tiles we
sorted into enhancer and promoter tiles which were treated in different ways
during cloning (see methods, page 40).
We cloned the PCR fragments into a TOPO vector first and verified the
inserts by sequencing from one end. For the second cloning step we gave
the vectors directly for sequencing without prior restriction test, since the
Gateway system provides negative selection. Unless the fragment represented
a promoter tile we did not care about the orientation of the fragment within
the vector. In the next step we transferred the fragment from the TOPO
vector to the GAL4 destination vector using Gateway cloning. The cloning
efficiency was 60% for TOPO and 90% for Gateway cloning. Failed constructs
were subjected to up to two additional rounds of re-cloning. We used the
GAL4 vector pBPGUw for enhancer tiles and pBPGw for promoter tiles [82].
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Figure 2.3: Status of the VT library as of March 2011. Shown are total
numbers as well as the numbers for the different lists. Designed: The number
of tiles that were taken into consideration for cloning. Transformants: All
confirmed transformants that are in balanced state but are not yet established
as a homozygous stock. Finished: homozygous viable stocks.
2.1.2 Generation of flies
The GAL4 constructs were injected into attp2 landing site flies using φC31
site-specific integration [85, 86]. The landing site attP2 was chosen based on
its low levels of leakiness and its good induction of expression in the nervous
system [4]. Our in-house injections could report an average transformation
efficiency of 37% with the attP2 landing site. Out of a total of 14000 designed
tiles we have cloned so far ∼9500 Gal4 vectors and established 6500 lines as
a stock; please see figure 2.3 for details.
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2.2 Characterization of the enhancer library
The aim of the VT library project was to create a set of lines that cover
most of the brain and are sparse enough to be useful for dissecting neuronal
circuits. Therefore, to characterize the VT lines, we started to take confocal
images of adult male brains, using UAS-mCD8-GFP and antibody staining
for expression analysis. It should be noted that all VT line images shown are
taken out of a pool of images that is the combined effort of multiple people
(see acknowledgements).
After taking images of ∼2000 lines, we do not see any over-representation
of a particular type of neurons and we have not observed any identical lines.
For some examples of sparse expression patterns please see figures 1 - 4 of
the appendix.
For adjacent tiles, we observe independent patterns with little overlap
between the tiles (see examples in figure 5 and figure 6 of the appendix).
We analysed the amount of expression of 1850 VT lines by calculating the
total area of anti-GFP signal weighted for the total area of anti-nc82 signal.
We defined the cutoffs for the 4 categories ”broad”, ”medium”, ”sparse” and
”zero” by comparing it to the results of 800 manually scored VT lines. In
this way, we observe that 15% are not expressed in the brain, while 20% are
broad, 40% are medium and 25% are sparsely expressed (see Figure 2.4,
page 19). Since we have already generated more than 6500 VT lines, that
means that the enhancer collection should now comprise ∼1500 ”sparse”
lines, that should prove to be very useful for dissection of neuronal circuits.
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Figure 2.4: Summary of the percentage of lines being broad, medium, sparse
or not expressed in the brain. Values were obtained by analysing 1850 lines
computationally and comparing them to manual annotation (see methods)
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3A silencing screen for courtship
Courtship behaviour is particularly suited for the dissection of neuronal cir-
cuits. It is simple and complex at the same time, while being robust enough
to allow controlled experimentation. It may thus seem surprising that very
few neurons have been documented to play a role in courtship so far (see
introduction, page 10).
Research focused on neurons expressing the male-specific form of the fruit-
less protein, mostly because fruitless mutants show a courtship phenotype
and fruM protein was demonstrated to be sufficient for courtship induction
in females [58]. FruM is expressed in about 2000 neurons which cover sensory,
central and motor types, making it tempting to belief that fruM neurons are
the only substrate required for courtship behaviour [63, 12]. However, since
not all fruitless neurons are connected with each other it is unlikely that the
fruitless neurons constitute a complete independent circuit. Also, it is not yet
clear how many of the fruitless neurons actually do play a role in courtship.
Although fruitless is expressed in 2000 neurons, it is possible that only few
of them form part of the circuit, while auxiliary non-fruM neurons may make
up large parts of the circuit.
Here, I wanted to extend the set of known neurons implicated in courtship
by conducting a silencing screen using the previously established enhancer
library. I wanted to do this in an unbiased way, not only restricting the
search to fruitless neurons. This approach should not only pick up neurons
that are at the core of the circuit but also those that are peripheral and may
have additional, more general functions.
To screen the VT lines I used Kir2.1 [26, 27] and TNT [23, 24] which are
both neuronal silencers that act in different ways. Kir2.1 encodes an inwardly
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rectifying potassium channel that hyperpolarises the neurons, while TNT en-
codes for the tetanus toxin light chain that cleaves synaptobrevin, impeding
vesicle fusion at the synapse. It follows that Kir2.1 should deactivate neu-
rons with both electrical and chemical synapses, whereas TNT should act
specifically on chemical synapses. I started the screen with Kir2.1, following
previous reports of it’s effectiveness [87]. However, as the screen progressed
I started to prefer TNT over Kir2.1, since TNT gave more phenotypes that
were more reproducible.
3.1 Screen setup
I crossed a total of 4500 VT lines to the neuronal silencers UAS-Kir2.1 or
UAS-TNT. For Kir2.1, 51% of the crosses were lethal while for TNT only
27% of the crosses were lethal (Fig. 3.1, page 22). The lethality should, to
a large degree, stem from the blockage of vital functions during fly devel-
opment. Kir2.1 is an ion channel and could in principle additionally affect
the function of muscles. Since TNT should only affect neurons this might
explain the difference in the percentage of lethals. For both silencers, 5%
of the crosses resulted in flies with defects (e.g. locomotion) or deformations
(e.g. malformed wings). For the courtship assays I took only viable progeny
without any visible defects. I isolated the male progeny right after hatching
from each other for 3-5 days before the assays in order to avoid influencing
effects from interactions with other males or females. After this isolation
period, I paired the males with virgin females in courtship chambers and
videotaped them for 10 min, typically recording 11 couples per video. In this
way I have screened 1062 lines with Kir2.1 and 1748 lines with TNT, with
an overlap of 349 lines (Fig. 3.1, page 22).
3.2 Screen results
As with any genetic screen also here it was important to have a quick readout
in order to restrict the list of lines to a handful of interesting phenotypes.
Therefore, as an indirect assessment of courtship success I looked at how
many couples of a given line copulated after 10 min. This way of scoring
should provide an indirect measure of courtship success. Males that court
improperly should also not be able to copulate and males that do court prop-
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Figure 3.1: Courtship Screen Workflow. Inidividual VT lines were crossed
to either UAS-TNT or UAS-Kir2.1, which are both neuronal silencers. As
shown, a certain percentage of lines resulted in lethals or flies with defects.
With the rest of the lines courtship videos were taken.
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erly should be able to copulate. Since computationally aided tracking of flies
[88] was not fully adapted at that time, copulation served as a reliable and
fast readout for assessing the outcome of the screen compared to manually
scoring the whole videos for courtship. To compare the results between lines
I determined the ”fraction copulating” for each line, that is the number of
couples copulating after 10 min divided by the total number of couples in
the video.
In the primary screen I considered every line to be a phenotype in which
no couples copulated after 10 min. For Kir2.1 the primary screen yielded 33
phenotypes and for TNT 287 phenotypes. After retesting the lines twice I
could confirm 19 phenotypes for Kir2.1 and 206 phenotypes for TNT (Fig. 3.2
and fig. 3.3, page 24).
Rough overview of the obtained Phenotypes
In order to get a better feeling for the phenotypes that occur upon silencing I
manually annotated all videos of those lines that were positive in the primary
screen (see methods). The majority of the lines appear to court normally
(45%), the only phenotype being no copulation after 10 min. Many lines
appeared to have vision defects (28%), as they either had problems during
following/orientation, sang into wrong directions or extended the wing to the
wrong side. Phenotypes affecting wing extension (5%) included flies that did
not extend or improperly extended their wings and also increased bilateral
wing extension. Some males showed reduced courtship (21%) and a couple
of lines had problems during copulation (1%).
Selected lines
Out of the confirmed phenotypes I chose a few lines for further analysis,
mostly based on the sparseness of their expression in brain and VNC (Fig. 3.4-
3.16):
Silencing of VT13533 with TNT resulted in largely reduced courtship
(Fig. 3.4 a). The time spent inactive is not substantially different compared
to the control, confirming that the observed effect is not due to completely
immobile males (Fig. 3.4 b). VT13533 is an interesting line, because it
is expressed very sparsely in the brain (Fig. 3.4 d) and no expression was
detected in the VNC (Fig. 3.4 e). Expression is found in the ellipsoid body,
the antennal lobe and the asmpr [89].
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Figure 3.2: Courtship screen: Histograms of the fraction of couples per line
copulating after 10 min, showing the average over all retests.
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Figure 3.3: Robustness of phenotypes from primary screen: The average of
the fraction copulating from all retests is plotted for those lines for which no
copulation was observed in the primary screen.
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Three other lines show severely reduced courtship: VT14654 (Fig. 3.5),
that expresses in glia of the brain and the vlpr and project mostly to the
abdominal and mesothoracic ganglion of the VNC. VT26692 is sparse in
both brain and VNC (Fig. 3.6). In VT0629, silencing almost completely
abolishes courtship. This line expresses rather broadly in neurons projecting
to ellipsoid body, antennal lobe, optic lobe, SOG and lateral horn (Fig. 3.7).
Examples of lines that show a less pronounced reduction of courtship upon
silencing are VT18137 (Fig. 3.8), VT44106 (Fig. 3.9), VT33051 (Fig. 3.10)
and VT15243 (Fig. 3.10).
Silencing neurons of the line VT22025 results in a high number of ”courtship
interrupts” (Fig. 3.12 a). This line expresses very sparsely in the fan-shaped
body (FB, Fig. 3.12 d) and in a few neurons of the VNC (Fig. 3.12 e).
There are also a number of silenced lines whose males show normal
courtship, but less copulation within 10 min. It is conceivable that these
lines have defects in parts of courtship that are not visually detectable, e.g.
in the production of song. Examples for this phenotype would be VT43662
(Fig. 3.13), VT46398 (Fig. 3.14) and VT7714 (Fig. 3.15). VT7714’s effect
stems most probably from its strong expression in the abdominal ganglion
(Fig. 3.15) Lastly, while VT49479 shows normal courtship upon silencing
(Fig. 3.16 a), there are a high number of unsuccessful copulation events in
this line (Fig. 3.13 b). That means, the males typically get into copulation
position and then dismount after a few seconds. The number of copulation
attempts is comparable to the control (Fig. 3.13 d). The neurons of VT49479
project widely to the optic lobe, the mslpr and the midline, while expression
in the VNC is restricted to the midline and the abdominal ganglion.
In summary, I provide here the first report of a large-scale silencing screen,
aiming at identifying neurons involved in Drosophila courtship behaviour. It
should be clear that the analyses on the presented lines are anything but
complete. This work can thus serve as a starting point for further analyses.
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Figure 3.4: TNT Screen results for VT13533 (VT13533: n=30, Control:
n = 35). a) Time spent courting divided by total time (Courtship index)
***p<0.0001 (Mann Whitney). b) Time of males being inactive divided by
total time. Inactivity is defined as males not moving for more than 2 seconds.
c) Copulation Score. Copulation after 10 minutes (=1) or no copulation
after 10 minutes (=0) was assessed for each couple and the overall average
is plotted here. d) Expression of VT13533, UAS-mCD8GFP in the male
brain. e) Expression of VT13533, UAS-mCD8GFP in the male ventral nerve
cord. f) Expression of VT13533, UAS-mCD8GFP showing the GFP channel
only (le) and a color-depth coding (ri). All antibody stainings are done with
anti-GFP (green) and anti-nc82 (red).
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Figure 3.5: TNT Screen results for VT14654 (VT14654: n=18, Control: n
= 21). a) Time spent courting divided by total time (Courtship index).
***p<0.0001(Mann Whitney). b) Copulation Score. Copulation after 10
minutes (=1) or no copulation after 10 minutes (=0) was assessed for each
couple and the overall average is plotted here. c) Time of males being inactive
divided by total time d) Expression of VT14654, UAS-mCD8GFP in the male
brain. d) Expression of VT14654, UAS-mCD8GFP in the male ventral nerve
cord.
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Figure 3.6: TNT Screen results for VT26692 (VT26692: n=30, Control:
n = 22). a) Time spent courting divided by total time (Courtship in-
dex). ***p<0.0001(Mann Whitney). b) Copulation Score. Copulation af-
ter 10 minutes (=1) or no copulation after 10 minutes (=0) was assessed
for each couple and the overall average is plotted here. c) Expression of
VT26692, UAS-mCD8GFP in the male brain. d) Expression of VT26692,
UAS-mCD8GFP in the male ventral nerve cord.
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Figure 3.7: TNT Screen results for VT0629 (VT0629: n=13, Control: n
= 15). a) Time spent courting divided by total time (Courtship index).
***p<0.0001(Mann Whitney). b) Copulation Score. Copulation after 10
minutes (=1) or no copulation after 10 minutes (=0) was assessed for each
couple and the overall average is plotted here. c) Time of males being inactive
divided by total time d) Expression of VT0629, UAS-mCD8GFP in the male
brain. d) Expression of VT0629, UAS-mCD8GFP in the male ventral nerve
cord.
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Figure 3.8: TNT Screen results for VT18137 (VT18137: n=29, Control:
n = 27). a) Time spent courting divided by total time (Courtship in-
dex). ***p=0.0002(Mann Whitney). b) Copulation Score. Copulation af-
ter 10 minutes (=1) or no copulation after 10 minutes (=0) was assessed
for each couple and the overall average is plotted here. c) Expression of
VT18137, UAS-mCD8GFP in the male brain. d) Expression of VT18137,
UAS-mCD8GFP in the male ventral nerve cord. All antibody stainings are
done with anti-GFP (green) and anti-nc82 (red).
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Figure 3.9: TNT Screen results for VT44106 (VT44106: n=39, Control:
n = 42). a) Time spent courting divided by total time (Courtship in-
dex). ***p<0.0001(Mann Whitney). b) Copulation Score. Copulation af-
ter 10 minutes (=1) or no copulation after 10 minutes (=0) was assessed
for each couple and the overall average is plotted here. c) Expression of
VT44106, UAS-mCD8GFP in the male brain. d) Expression of VT44106,
UAS-mCD8GFP in the male ventral nerve cord . e) Expression of VT44106,
UAS-mCD8GFP in the male brain showing the midline only (magnified re-
gion of c). All antibody stainings are done with anti-GFP (green) and anti-
nc82 (red).
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Figure 3.10: TNT Screen results for VT33051 (VT33051: n=29, Control:
n = 30). a) Time spent courting divided by total time (Courtship in-
dex). ***p<0.0001(Mann Whitney). b) Copulation Score. Copulation af-
ter 10 minutes (=1) or no copulation after 10 minutes (=0) was assessed
for each couple and the overall average is plotted here. c) Expression of
VT33051, UAS-mCD8GFP in the male brain. d) Expression of VT33051,
UAS-mCD8GFP in the male ventral nerve cord.
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Figure 3.11: TNT Screen results for VT15243 (VT15243: n=25, Control:
n = 27). a) Time spent courting divided by total time (Courtship index).
***p<0.0001(Mann Whitney) b) Copulation Score. Copulation after 10 min-
utes (=1) or no copulation after 10 minutes (=0) was assessed for each couple
and the overall average is plotted here. c) Expression of VT15243, UAS-
mCD8GFP in the male brain. d) Expression of VT15243, UAS-mCD8GFP
in the male ventral nerve cord.
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Figure 3.12: TNT Screen results for VT22025 (VT22025: n=30, Control: n =
34). a) Number of courtship interrupts. An interrupt was counted whenever
the male lost track of the female for more than 2 seconds. ***p<0.0001(Mann
Whitney). b) Time spent courting divided by total time (Courtship index).
***p<0.0001(Mann Whitney) c) Copulation Score. Copulation after 10 min-
utes (=1) or no copulation after 10 minutes (=0) was assessed for each couple
and the overall average is plotted here. d) Expression of VT22025, UAS-
mCD8GFP in the male brain (le) and the same image showing the GFP
channel only (re). e) Expression of VT22025, UAS-mCD8GFP in the male
ventral nerve cord (le) and the same image showing the GFP channel only
(re). All antibody stainings are done with anti-GFP (green) and anti-nc82
(red).
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Figure 3.13: TNT Screen results for VT43662 (VT43662: n=17, Control:
n = 18). a) Time spent courting divided by total time (Courtship index).
b) Copulation Score. Copulation after 10 minutes (=1) or no copulation
after 10 minutes (=0) was assessed for each couple and the overall average is
plotted here. c) Expression of VT43662, UAS-mCD8GFP in the male brain.
d) Expression of VT43662, UAS-mCD8GFP in the male ventral nerve cord.
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Figure 3.14: TNT Screen results for VT46398 (VT46398: n=29, Control: n
= 26). a) Time spent courting divided by total time (Courtship index). n.s.:
p=0.7404(Mann Whitney)b) Copulation Score. Copulation after 10 minutes
(=1) or no copulation after 10 minutes (=0) was assessed for each couple
and the overall average is plotted here. c) Expression of VT46398, UAS-
mCD8GFP in the male brain. d) Expression of VT46398, UAS-mCD8GFP
in the male ventral nerve cord . All antibody stainings are done with anti-
GFP (green) and anti-nc82 (red).
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Figure 3.15: TNT Screen results for VT7714 (VT7714: n=20, Control: n
= 26). a) Time spent courting divided by total time (Courtship index).
b) Copulation Score. Copulation after 10 minutes (=1) or no copulation
after 10 minutes (=0) was assessed for each couple and the overall average is
plotted here. c) Expression of VT7714, UAS-mCD8GFP in the male brain.
d) Expression of VT7714, UAS-mCD8GFP in the male ventral nerve cord.
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Figure 3.16: TNT Screen results for VT49479 (VT49479: n=27, Control:
n = 31). a) Time spent courting divided by total time (Courtship index).
n.s.: p=0.8467(Mann Whitney) b) Number of unsuccessful copulations. This
was counted whenever the male mounted the female, got into copulation
position and got off again after some time. ***p=0.0002(Mann Whitney) c)
Copulation Score. Copulation after 10 minutes (=1) or no copulation after 10
minutes (=0) was assessed for each couple and the overall average is plotted
here. d) The total number of copulation attempts (abdominal bending or
mounting). e) Expression of VT49479, UAS-mCD8GFP in the male brain.
e) Expression of VT49479, UAS-mCD8GFP in the male ventral nerve cord .
All antibody stainings are done with anti-GFP (green) and anti-nc82 (red).
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4Methods
Fly stocks Flies were raised on standard cornmeal yeast agar medium at
25 ◦C and 60% humidity. UAS-TNTE and UAS-EGFP-Kir2.1 were used
as silencers in the screen. UAS-EGFP-Kir2.1 is a gift from Kristin Scott
(Fischler, Kong et al. 2007; Gordon and Scott 2009). UAS-mCD8-GFP (Lee
and Luo, 1999) was used for immunostaining. All of the above lines have a
hs-hid transgene on the Y chromosome used for generation of female virgins.
Inverse PCR Inverse PCR for determining P element insertion sites was
performed as previously described [90].
PCR PCR was performed using the following parameters: Initial denatu-
ration at 94 ◦C for 4 min, denaturation at 94 ◦C for 30 sec, annealing at 62 ◦C
for 30 sec, extension at 72 ◦C for 5min, for 35 cycles and a final extension
step at 72 ◦C for 10 min.
TOPO cloning We set up the TOPO reaction for 30 min at room temper-
ature as follows: 1µl pCR8/TOPO/GW vector (Invitrogen, 1:10 diluted in
H2O), 1µl PCR product, 1 µl salt solution (1.2 M NaCl, 0.06 M MgCl2), 3 µl
H2O. We then added 40 µl of chemically competent Mach1 cells (Invitrogen)
to the whole 6 µl TOPO reaction mix and did a standard transformation
with a 30 sec heat shock at 42 ◦C. The cells were incubated in 1 ml SOC at
37 ◦C for 30 min and then plated on LB, agar and 100 µg / mL spectinomycin
using custom made incubation blocks [91]. We inoculated two colonies per
construct for 16-20 hours in 3.5 ml LB medium with 100 µg/mL spectino-
mycin using deep 48-well plates. We prepared the DNA using the QIAprep 96
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Turbo Miniprep Kit (Qiagen). We confirmed successful cloning of the PCR
fragment by restriction enzyme digest with EcoRI and sequencing using the
following primer: GTTGCAACAAATTGATGAGCAATTA.
Gateway cloning We set up the Gateway reaction over night at 25 ◦C
as follows: 1.6 µl Gateway LR Clonase enzyme mix (Invitrogen; diluted 1:5
in H2O), 1 µl TOPO entry clone, 0.5 µl GW destination vector and 0.9
µl TE buffer (pH8.0). All further steps are as described above, except for
now using 100 µg / mL ampicillin as a selective antibiotic. We confirmed
successful transfer of the fragment by sequencing using the following primer:
GAACATTCATTCACAACTGATG.
Injection and establishment of the enhancer library stocks DNA
for injection was taken directly out of the 96-well miniprep plate without
further purification. The DNA was injected into the progeny of the cross
of the germ-line integrase Zh-11 [85] and the 3rd chromosome landing site
attP2 [86], using site-specific recombination. The injected flies were crossed
to w-. All flies coming out of this cross with red eyes must have gotten the
miniwhite gene due to vector insertion on the 3rd chromosome. We took only
males (in order to get rid of the germline integrase on the X chromosome later
on) with red eyes and balanced them on the 3rd with w-;;Ly/TM3 flies. If
we obtained only red-eyed females and no males, we crossed the females to
w- males again. Next we crossed red-eyed, balanced males to w-;;Ly-hs-hid /
TM3 females. We heat shocked the pupae coming out of this cross to obtain
the final stock: w- ; ; attP2miniwhite - insert) / TM3.
Immunostaining We used the following antibody concentrations for pri-
mary antibodies: Polyclonal rabbit anti-GFP (Torrey Pines) 1:3000; Mouse
anti-nc82 (DSHB) 1:20. For secondary antibodies: Alexa 488-conjugated
goat anti-rabbit IgG (Invitrogen) 1:500; Alexa 568-conjugated goat anti-
mouse IgG (Invitrogen) 1:500.
We performed Immunohistochemistry and image registration as previ-
ously described [12]. In brief, we dissected male brains and ventral nerve
cords in PBS and fixed them with 4% para-formaldehyde at room temper-
ature. Upon fixing, we washed the samples 3x in PBST (PBS with 0.3%
Triton-X) and incubated them in blocking solution (10% goat serum in
PBST) at 4 ◦C over night. After that, we put the samples into the pri-
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mary antibody solution for 48 hours at 4C. Then we washed the samples 3x
in PBST and once over night at 4 ◦C and applied the secondary antibody
solution for 72 hours at 4 C. Next, we washed the tissues 3 times in PBST,
once over night at 4 ◦C and one last time in PBS prior to mounting. We
mounted the samples in VECTASHIELD medium (Vectorlabs) and took the
images on a Zeiss confocal microscope with 25x objective, 165 slices and 1µm
spacing.
Expression analysis For each confocal image, we computed the areas of
green channel (anti-GFP) and red channel (anti-nc82) for all the planes of
the confocal stack using MetaMorph and ImageJ software. We calculated
the sums of all the planes for both channels and derived the percentage
of GFP as Greentotal/Redtotal. We measured only objects that are above a
fixed threshold and have a minimum size of 4 pixels. In order to avoid invalid
background subtraction we manually defined the best thresholding algorithm
for the images.
Courtship Assays Courtship assays were performed under controlled con-
ditions as described previously [58]. The male progeny of the crosses was
collected right after hatching and kept in solitary confinement on 25 ◦C on
a 12:12 hour light cycle (8am-8pm). For the assays, 3-5 day old males were
paired with 3-5 day old virgin females in circular courtship chambers with 1
cm diameter and 4 mm of height (see Fig. 3.1, page 22 in 25 ◦C room temper-
ature and 60% humidity, Typically, 11 pairs were videotaped at a time using
a Sony HDR-CX550E camera. Assays were taken either between 8:30 and
11:00 or between 17:30 and 19:30. As a positive control, the male progeny
of the cross between a VT line and the respective silencer was taken. Only
those VT lines served as a control that didnt show any phenotype. These
controls were preferred to wildtype flies because they had the same genomic
background as the other lines that were screened. Per session, controls were
put at the beginning and at the end of the session. If during a given session
controls did not copulate after 10 min, the session was cancelled and the
videos of that day were discarded, under the assumption that the conditions
were not conducive to courtship. After 10 min of recording, copulation was
observed and documented as a copulation index, that is, the number of flies
copulating divided by the total number of couples in the video. For the rough
manual scoring of the videos, I scored every 2 minutes of a video for about 30
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seconds to see which phenotypic expressions were prevailing, focusing on the
following courtship steps: orienting, following, wing extension, copulation
attempts and copulation.
For the selected lines, I manually scored the videos looking at 2 couples
at a time, using timers to record events:
Courtship index : Time spent courting or copulating divided by total time.
Time inactive: All periods in which the male was inactive for more than 2
seconds was summed to give the total time inactive.
Courtship interrupts: Whenever the male lost track of the female and stopped
courting for more than 2 seconds it was counted as a courtship interrupt.
Number of unsuccessful copulations: The counter increased whenever the
male mounted the female, got into copulation position and dismounted again.
Number of copulation attempts: Abdominal bending alone and full mounting
attempts contribute to this number.
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5Discussion
To analyse neuronal circuits it is key to be able to identify and target the
same neurons again and again. Currently, the only conceivable way to achieve
this is to genetically drive expression in distinct sets of neurons, making
the neurons accessible for both functional probing and anatomical analyses.
In order to be informative, this genetic access should be as restricted as
possible. Let us assume we want to perturb a neuron’s activity and observe
the effects on a particular behaviour. If we do this with a thousand neurons
at a time, very little information is gained. Which of the thousand neurons
are responsible for the observation? Is it all thousand or is it only a small
number of them? If however we were able to drive expression in only one
type of neuron, evidence would be clearer and more compelling.
The GAL4/UAS system is currently the best way to get access to neurons,
mainly because it is well established and many UAS-responder constructs are
available, making the GAL4/UAS system very flexible. We ideally would like
to have a collection of GAL4 lines that all express in a small, distinct set of
neurons and that in sum would cover the whole nervous system in different
overlapping patterns. Traditional GAL4 enhancer trap lines typically express
in more than 100 neurons at a time [82], too many for our purpose. This
broadness of enhancer trap lines is most probably reflected in the way they
are created: the GAL4 gene gets integrated into a location on the genome,
thereby coming under the influence of all nearby regulatory elements.
Enhancer bashing reverses the idea of enhancer trapping. Instead of
putting GAL4 into the genome, a small piece of the genome is isolated and
paired with GAL4. Since the small piece is taken out of its natural genetic
context, expression of such GAL4 lines should be in theory much sparser
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than enhancer trap lines [82].
We have constructed a library of such GAL4 lines using a fragment size of
3kb and 400bp overlap between adjacent fragments. We chose tiles close to
genes that are known to express in the nervous system, hoping to maximise
the applicability for neuronal circuit research. Lines were injected into the
attP2 landing site using site-directed integration. That means, every con-
struct ended up in the same genomic location to prevent positioning effects,
a prerequisite for line to line comparisons and subsequent manipulations. Up
to now, we have created 6500 lines of which 25% are very sparsely expressed,
i.e., covering less than ∼10 neuronal types. Even the 40% with medium ex-
pression are sparser than normal enhancer trap lines, making about 60% of
the library highly useful for the analysis of neurons. The fact that only 15%
of the lines show no expression is surprising and suggests that the Drosophila
genome is very densely packed with enhancers.
The whole collection of lines can be directly used for functional or anatom-
ical screens and has already been successfully utilized to identify fruM posi-
tive neurons involved in song production [38]. It may be worth mentioning
that such a library of enhancers can not only be used for circuit analysis,
but should also be a valuable tool for any biological question that requires
expression in distinct cellular populations. It may also help to give us insight
into the regulatory code of Drosophila itself, that may one day allow us to
custom design enhancer elements for driving expression in any cell of desire.
We have started to take brain images of each enhancer line and are col-
lecting them in a standardised 3D image database [12]. This will later on
make it possible to find lines that express in a given region of interest, allow-
ing one to focus the screen on a smaller sample of candidate lines to boost
anatomical analyses of specific regions. Moreover, potentially overlapping
neurons between two lines can be identified in that way, allowing custom
designed constructs for the restriction of expression.
Another advantage of the VT lines is the fact that they are molecularly
defined elements, that means, one can easily switch the mode of expres-
sion. Once a GAL4 line is identified to express in neurons of interest, new
constructs can be created, using the same regulatory region, to further char-
acterize the neurons. Also, the usefulness of the enhancer library could be
additionally improved by creating new smaller libraries with other mediators
such as lexA, FLP or Gal80. These libraries could be created based on the
expression information of the GAL4 lines to maximise their usefulness. For
example, when doing behavioural screens without restriction, lines may be
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sparse but still widespread all over the nervous system. To find out on which
region to concentrate on, it may make sense to rescreen candidates from the
screen with various characterized FLP lines. Such FLP lines would ideally
be broadly expressed, but still restricted to certain regions and overlapping
with each other. This would make it possible to quickly go through a num-
ber of lines to potentially narrow down the phenotypic site of action without
having to generate new transgenes. Even more useful could be a similarly
complementary library of lexA lines, because lexA can be used to drive FLP
itself and can additionally be used for experiments requiring dual expression
systems, like silencing together with activation.
I have conducted a silencing screen using the previously established en-
hancer GAL4 library to find neurons involved in courtship. The screen was
motivated by the fact that very little is known about the neurons responsi-
ble for courtship. Research so far was focusing on neurons expressing male-
specific fruitless protein, that is thought to confer to the male the potential to
court by wiring its neurons during development. It is clear that either some
of these fruitless neurons or some of their connecting partners are crucial
substrates for courtship behaviour. The P1 neurons are a strong candidate
for triggering courtship song and also a number of potential downstream
neurons have been identified. In addition, anatomical studies suggest that
fruM neurons are highly interconnected form a dense network in the lateral
protocerebral complex, suggesting this area to be an integrative center [12].
Though fruitless neurons are likely to act at the core of the circuit, it is
not clear how many of the fruitless neurons are actually involved. Also, it
is not clear if the fruitless neurons alone are sufficient to form all aspects of
courtship behaviour. It is likely that courtship success depends on an in-
terplay between all major sensory modalities and motor outputs. Therefore,
the silencing screen was designed to find neurons involved in courtship in an
unbiased way.
There are a variety of options to silence neurons, but I decided to start
the screen with Kir2.1, a potassium channel that inactivates a neuron by hy-
perpolarizing it. Kir2.1 was reported to be a strong silencer; however, during
the course of the screen I realized that the number of phenotypes received
was rather low and that these phenotypes were hardly reproducible. I there-
fore switched to TNT, a bacterial toxin that impedes synaptic transmission,
that proved to be a more reliable and more potent effector. Crosses with the
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silencers resulted in a relatively high number of lethals: 51% for Kir2.1 and
27% for TNT. The disparity between the two silencers might be a result of
the larger number of neurons Kir2.1 targets (electrical and chemical) as well
as the possibility that muscles also get affected by Kir2.1s channel activity.
Since a given class of neurons always consists of multiple cells, all or
most of the neurons of that class would have to get silenced in order to
give an effect. Otherwise, cellular redundancy may be sufficient to mask the
effect. However, the VT lines are defined by enhancer elements, and it would
evolutionarily make less sense to have different enhancers specifying neurons
within a class of the same function. Hence, there is hope that most of the
lines express in all neurons of a type.
As is the case for any molecular experiment, successful silencing depends
on a variety of factors: the strength and the reliability of induction of the
GAL4 line, the time of induction during development and the particular
cellular and morphological characteristics of the neurons. Since courtship
is such a complex behaviour and requires constant sensory input from the
female, most of the courtship steps are difficult to reproduce in artificial
settings. Thus, the advantage of performing a silencing screen is that the
courtship ritual can be scrutinized under natural conditions.
To sift through possible phenotypes, I used a makeshift readout, the cop-
ulation after 10 min. While not ideal, this should give a rough assessment
of the phenotypes, those that do not copulate at all after 10 min. In a pre-
liminary annotation of the primary screen a variety of phenotypes have been
discovered. These include lines with various degrees of vision impairments,
exemplified in problems during following, singing into wrong directions or
extending the wing to the wrong side in respect to the female. Other ex-
amples of observed phenotypes are reduced courtship or no courtship at all,
problems during copulation, males that improperly extend their wings and
increased bilateral wing extension.
Apart from this rough manual annotation of the primary screen I focused
the analysis on a few candidate lines that have particularly sparse expression
patterns in both brain and ventral nerve cord. A recurring phenotype among
these lines is a reduced courtship index, that means, the males spend less
time courting the females than normal. One explanation for this phenotype
could be that the males have problems detecting the females. This might
be due to impairments of their visional, olfactory or gustatory pathways.
Another explanation for reduced courtship might be that the signal to trigger
courtship gets suppressed or that the signal that maintains courtship gets
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depleted. One could think of a neuropeptide getting hindered from being
released that would otherwise establish the sex drive of the male.
The high number of courtship interrupts in the line VT22025 could be
explained by imprecise tracking of the female, or more generally by defective
object tracking. Since this line distinctly expresses in the fan-shaped body
it is conceivable that the transformation of visional input into locomotional
output is somewhat impaired.
A large number of lines show normal courtship but no copulation within
10 min. These lines are likely to have defects that are not easily detectable
with the naked eye. A more thorough analysis of song production, licking
and tapping may shed more light on these phenotypes.
The line VT49479 has a specific phenotype during copulation. The males
typically get into copulation position and dismount prematurely. Normal
copulation goes on for around 20 minutes but in this line the males get off
after a few seconds. On one occasion, a pair of male and female was seen to be
connected through their genetalia although the male had dismounted already,
both dragging each other along. That suggests that the male’s premature
dismounting is not because he cannot ”find the entrance” but rather because
the signal to stay on top is not sustained.
It should be clear that this first characterization of phenotypes is only
laying the foundations for a number of experiments to follow. All of the
identified lines express in several different neurons, so more than one type
of neuron could be responsible for the seen effect. And although I focused
on the analysis of sparse lines, it should be noted that also the broad lines
resulting from the screen are potentially very interesting, given that one is
able narrow down the phenotype to a distinct set of neurons in subsequent
experiments. There is a variety of available options to further restrict ex-
pression of a given line. One can further chop up a given tile into smaller
fragments, thereby potentially increasing the chances of isolating single reg-
ulatory elements which should result in expression in a more distinct set of
neurons. This requires the generation of new GAL4 lines. Alternatively, the
FLP recombinase and the GAL4 repressor Gal80 provide multiple ways to
restrict expression to the intersection of lines. However, care should be taken
in interpreting results since both proteins increase the stochasticity of ex-
pression, making it necessary to confirm the expression in each experiment.
A previous report suggested to increase the number of copies of the trans-
genes to alleviate this problem [4]. The current standard for narrowing down
neurons is stochastic labelling. It builds on the random induction of FLP
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recombinase during development with the use of heat shock promoters. Since
this method is random, typically many trials have to be done until the right
neuron gets hit. This doesn’t make it a very convenient method since neu-
rons identified in such a way cannot be easily targeted again and experiments
become very hard to reproduce. A very promising method is split-GAL4, in
which GAL4 gets reconstituted only in the intersection of two lines [6, 4].
That means, one can take two phenotypes coming out of a screen and see if
the intersection of the two lines reproduces the phenotype. Similarly, new
FLP or Gal80 lines can be made using the same regulatory sequence as the
positive GAL4 lines for further restriction of expression.
An alternative is to ex-vivo determine overlapping expression patterns
between lines that show the same phenotype. Image registration and com-
putationally aided finding of overlaps should be of great help here. In this
way, correlation maps can be constructed, that assign neuronal types to a
given phenotype. However, a final statement can of course only be drawn by
testing the restriction in an actual experiment.
Since it is very ineffective and inaccurate to manually score courtship
videos, the screen will unfold its full potential once computationally aided
tracking of the flies will be in place [92]. Here are some examples of the
aspects that could be studied using tracking software:
The time spent in each of the courtship steps. The time from movie start
to the first occurence of the courtship steps. The transition probabilities
between the courtship steps and their ensuing courtship ethograms. The
amount of time passed from losing the female to re-orientation. The pre-
ciseness of the male’s tracking of the female. The time or amount of wing
extension, statistics on left wing vs. ring wing as well as unilateral vs. bilat-
eral. Extension of the wing close to vs. distant to the female. The speed of
the female before vs. after the singing event or the amount of wing extension
into wrong directions.
It remains to be seen to what degree these parameters can be successfully
implemented. In any case, it is likely that computational analysis of all videos
of the primary silencing screen reported here will lead to additional, more
subtle phenotypes that would otherwise have been left unrecognised.
Although I took care not to include any lines that have obvious defects,
it is possible that some of the obtained lines show a phenotype because
of general impairments of olfaction, vision, taste or locomotion. To exclude
these possibilities, secondary assays might be necessary. It could also be that
the observed phenotype appears due to developmental effects. To address
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this, silencing neurons specifically during adulthood using gal80ts or shiberets
is a possibility.
Once a small number of neurons is reliably correlated with a phenotype
in courtship, further experiments will become an option. To address if there
are any overlaps with known neurons, as for example fruM -expressing neu-
rons, one could perform double labelling using GAL4 and LexA together to
drive two different lines. Another question is if the neurons have different
morphologies in males and females and if these dimorphisms could explain
a potential male-specificity. This can be addressed with the help of image
registration that standardises expression images [11]. Furthermore, trying to
invoke a behaviour in females using male-specific forms of fru or dsx is also
an opportunity [78].
Once the necessity of a neuron is established through silencing, one might
also want to probe its sufficiency. However, since courtship is multimodal
and is depending on multiple sensory inputs, anything other than integrative
command and motor neurons are rather unlikely to become uncovered using
activation.
Also, for follow up experiments it will be important to focus on one aspect
of courtship and analyse lines systematically, in a controlled manner. For ex-
ample, female partners could be glued to the ground, making them immobile.
This would allow for a more precise assessment of heading and wing extension
of the male in respect to the female’s heading and would also make quantifi-
cation of tapping and licking events possible, which are hard to detect when
the female is moving. To study sensory inputs triggering courtship, males
can also be tethered on top of a ball, subjecting them to various stimuli [77].
These head-fixed fly-on-a-ball setups are especially appealing since they can
be accompanied by functional imaging or electrophysiological experiments
[41, 93]. Additional experimental control can also be gained by specifically
blocking single sensory modalities, like vision or olfaction.
In summary, we have a created an enhancer library in D. melanogaster
that should greatly facilitate efforts of identifying neurons as part of neuronal
circuits. I have demonstrated this feasibilty in a screen for neurons involved
in courtship, providing the first report of a silencing screen of its scale. The
obtained phenotypes will provide valuable entry points into circuit analysis
of Drosophila courtship behaviour.
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Design of the enhancer library
This is work done by Alex Stark (design and computation) and Barry Dickson
(design). In the following, a summary of the design process is outlined.
Tiling
Promoter tiles were designed as the 2.5 kb region upstream of known protein-
coding genes including the genes endogenous core-promoter, incorporating
50bp of the transcribed region. These tiles were shortened if they ended in
a repeat region and extended to up to 3 kb if the regions were between two
diverging genes.
Enhancer tiles were created from the remaining genome sequence apart
from ncRNA, 3UTRs, coding, and repeat regions. The tiles are roughly 2 kb
in length with roughly 400 bp overlap between adjacent tiles.
In order not to overly fragment the genome, extremely short regions were
re-included. Also, to avoid cutting off functional enhancers, highly conserved
tile ends were extended into regions of low sequence conservation.
Primers were designed using primer3 within 300bp windows flanking both
sides of the tiles. For promoter tiles, one of the primers was specified to be
within the genes 5UTR.
Choosing the tiles
Tiles were chosen based on their proximity to manually selected genes or
enhancer-trap insertions. In addition, ad hoc scores were determined for
each tile based on the neighboring genes expression, the tiles conservation
as measured by phastcons scores and the presence and conservation of fruit-
less transcription factor motifs. The actual ranking manifests itself in the
following lists with various preferences:
A list The A list comprises tiles surrounding 28 manually chosen genes
associated with fruitless and neuropeptide receptors.
B LIST and E list These lists comprise all tiles that are in the vicinity
of enhancer trap Gal4 insertion sites that were shown to drive expression in
fruitless neurons (ref Yu, UH lines, NP lines). Where necessary, insertion
sites were identified using inverse PCR. All tiles within 20 kb of the insertion
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site were chosen, amounting to a number of 2075 tiles for the B list and 210
tiles for the E list.
C-list and H-list The C list is a compilation of 455 tiles based on an
arbitrary score that takes into account the flanking genes function and ex-
pression, the regions conservation, and the presence and conservation of fruA,
fruB, fruC and fruAll sequence motifs. The H list contains 491 additional
tiles for which only fruC binding sites (not fruA or fruB) were scored.
D-list and G list These lists use the same scores as in list C and H, yet
without scoring for fruitless motifs.
F list The F list comprises tiles surrounding 139 manually chosen genes
associated with neurotransmitter receptors.
I list This list comprises tiles surrounding 294 validated transcription fac-
tors as determined by FlyMine.
VT lines: Expression examples
Shown are some examples of sparse lines expressing in different regions of
the brain.
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Figure 1: Examples of VT lines expressing in the antennal lobe
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Figure 2: Examples of VT lines expressing in the central complex
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Figure 3: Examples of VT lines expressing in the optic lobe
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Figure 4: Examples of VT lines expressing in the suboesophageal ganglion
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Figure 5: Example of a tiling pattern around the gene beat-IIIb. VT lines
were crossed to UAS-mCD8GFP and the expression in the brain is shown
for the indicated tiles. Green: anti-GFP, red: anti-nc82.
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Figure 6: Example of a tiling pattern around the gene CG10633. VT lines
were crossed to UAS-mCD8GFP and the expression in the brain is shown
for the indicated tiles. Green: anti-GFP, red: anti-nc82.
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